A simple model capable of providing possible folding pathways of two stranded, coiled coil peptides is described and simulated using an off-lattice dynamic Monte Carlo algorithm. Short sequences of very regular repetitive blocks of amino acids are studied. The regularity of the sequence is enhanced by a simplified interaction scale between pairs of residues. Following the transition from two isolated chains in a random conformation to the folded dimeric structure, the main features capable of obtaining a parallel, in-register, unique conformation, are examined. These include the geometrical representation of the model, the cooperative development -of secondary and tertiary structures, and the role of tertiary interactions stabilizing the coiled coil geometry. The 'influence of introducing disulfide bridges in certain locations of the sequence is also discussed.
I. INTRODUCTION
The theoretical modeling of the protein folding l&ocess constitutes one of the most active research fields of contemporary theoretical biophysics. From this point of view, computer simulation,, techniques nowadays constitute a powerful tool, that can complement experiment for the detailed consideration of the dynamic processes involved -in the folding and unfolding pathways of a polypeptide chain.' Most simulations considering the protein folding problem have mainly focused on globular proteins, and considered the transition of a single chain of amino acids from a broad set of extended random coil conformations to a unique compact native shape. Thus, the folding process involves the simultaneous development of secondary and tertiary structure, during the cooperative transition that yields the native conformation. This cooperativity is one of the most fundamental points to be considered, and represents one oF the controversial topics as well. ' Different global mechanisms proposed for the folding pathways have postulated several alternatives, including the collapse of the chain to a dense structure, the diffusion of preformed elements of secondary structure, and others. At the bottom of all these hypotheses lies the intrinsic complexity of the folding process, and the difficult interpretation of an increasing, but still reduced, set of experimental facts.
In this paper, we use a simplified model to investigate the folding pathways of simple proteins. Our aim is to keep the topology as simple as possible, which will permit the detailed exploration of the main features of the dynamic pathway. In particular, we shall examine the importance of the geometrical details of the model, especially the side chain description, the interplay between local secondary structure tendencies and tertiary interactions to achieve a ')To whom correspondence should be addressed. unique folded structure, and the role of disulfide bridges in both folding pathways and stability of the resulting structures.
In order to achieve these objectives, we have focused on protein structures having completely regular secondary structure, and a very uniform three-dimensional fold. Specifically, wee have-chosen the structure of the coiled coil fibrous proteins, which are involved in biologically important functions such as muscle regulation, or DNA binding properties. 3P4 These are dimeric structures composed of two right-handed helical polypeptide chains, which are parallel, in-register, and coil about one another. The number of residues per turn is equal to 3.5, instead of the 3.6 residues per turn one finds in a-helices in globular proteins. This difference is created by the slight left-handed super twist, and gives a highly defined hydrophobic face in every helix. This way, the full structure is stabilized by. both intrachain and interchain interactions. Intrachain interactions are, in this case, sho.rt ranged, and mainly induce (though are not the only responsible for) the helical secondary structure. Interchain interactions, on the other hand, play the role of tertiary interactions in globular proteins. In coiled coils, however, they are responsible for. the stabilization of the quaternary structure of the molecule (strictly speaking, there is no tertiary structure in a coiled coil).5 Therefore, model coiled coils can be used to investigate the noncovalent interactions involved in the stabilization of the three-dimensional structure of a protein, a feature that is common to both globular and fibrous proteins. 6 Both synthetic and real coiled coils have been experimentally and theoretically used as test structures of the protein folding process for a number of years.5-'8 Recently, the atomic coordinates of one of these structures were even theoretically predicted, being very close to the crystallographic structure determined afterwards." Nevertheless, perfectly regular, parallel helices. Here, we present a model . with respect to the backbone, for a given local conformawhich precisely explores the way in which such a conformation can be reached, starting from two separated chains, in random conformations. Thus, "the model cannot only provide useful information related to the main features of protein folding, but also constitutes one of the simplest cases of multimeric assembly.
Our simple model allows as well for the introduction of cysteine sulfur bridges that covalently link the two chains. As expected, the stability of the resulting conformations is enhanced when they are present. However, there are occasions in which these sulfur bridges can create a configurational stress into the system, producing rather tortuous initial stages in some folding pathways. We shall describe these pathways, and their differences with the folding process of non-cross-linked chains. .-It is important to remark that we'd0 not try here to present an algorithm capable of providing a low resolution structure similar to the real folded protein; starting from the amino acid sequence alone. The model we employ is far too crude for that, and as it will be described below, it contains certain contributions biased towards the desired final conformation. The ilnal structure we get cannot be considered, from this point of view, as an absolute prediction. On the other hand, we shall present features of the folding pathways obtained with our model that could well represent a plausible physical pathway for the assembly of two chain coiled coils.
In the next sections, we describe the characteristics of the model and the simulation algorithm. Then, we present some results corresponding to specifically. designed sequences which mimic real coiled coils. In the last section of the article, we summarize the main conclusions and possibilities of the model.
II. DESCRIPTION OF THE MODEL
A full descriptiiin of the theoretical model developed includes the consideration of its geometrical, dynamic, and interaction features.
The geometry of the model is kept very simple. We are not interested in' getting a full atom folded structure, and therefore all the atomic details characteristic of the them-' ical structure are suppressed. Instead, a series of spheres representing sets of atoms is employed. Specifically, every amino acid is represented by two spheres. One corresponds to the backbone atoms and is centered at the a-carbon position of every residue. The distance between two neighbor backbone spheres along the sequence equals 3.8 A, the distance between two contiguous a-carbons linked through a tram peptide bond. These spheres are identical for every possible residue in the sequence. The second sphere, which appears in all the residues with the exception of glycmes, constitutes a crude representation of the side chain. It is positioned at the center of mass of the real atoms comprising the side chain. Its size and orientation depend on the chemical nature of the residue under consideration, i.e., on the primary sequence of the peptide chain. Statistical analyses of crystallographic structures have shown that the possible coordinates of the center of mass of the side chain tion of the latter, are not randomly distributed. Instead, they are discretely loca&Lzo Therefore, an amino aciddependent rotamer library has been constructed from the aforementioned statistics, and has been used to locate the sidechain sphere of every amino acid in the model once the backbone conformation (the first sphere position for three contiguous residues) is known.21 This model is very simple, but allows us to reproduce the gross amino aciddependent geometrical features of a polypeptide chain in a compact and computationally tractable way. In some initial tests of the model, a single rotamer was used to represent the side chain of every residue, as would correspond to a poly-alanine geometry. In the following sections, we will briefly mention the effect of such a further simplification of the geometry of the model in the observed folding characteristics.
Due to the simplifications in the geometrical representation, the dynamics of the model has to be formulated in equivalent terms. We have chosen a dynamic Monte Carlo algorithm to mimic the conformational transitions taking place during the folding process. This algorithm is defined through a series of arbitrary moves that affect a variable number of model units (both for the backbone and the side chain spheres). These motions can move the model units to any position in the space, always maintaining chain connectivity and rigid virtual bond lengths. Therefore, no underlying lattice is used in these Monte Carlo simulations.
The internal moves (i.e., those affecting a single chain) include spike and end moves, which change the position of a single residue, and shifting moves, which move a large portion of the chain to a close parallel position.22 All these motions also affect the corresponding side chain positions. The side chains themselves can be modified as well with motions which keep the a-carbon trace untouched.
In addition to these internal moves, identical to those used in single chain simulations,22 global motions affecting a whole chain are included in the present algorithm. These occur by rigid body translations or rotations of a single chain with. respect to the other. The amplitude of these moves is small (less than 3 b; for the displacement of the atoms during translations, and less than 4 degrees for the Euler angles controlling the rotation, centered at a randomly chosen backbone unit of the model). The full set of Monte Carlo moves creates a very physical picture for the dynamics of the system. Different motions affect different portions and different lengths of each chain. Even then, the individual moves retain a local character, in the sense that the conformational changes induced by them, on an individual basis, are rather small. None of these individual moves represents physical conformational transitions occurring in real chains, though spike moves can probably represent localized torsional transitions as those occurring in hydrocarbon chains. This is not important, since we do not try to study the very fast local dynamics of the system. We just try to deflne a set of moves that can span all the conformational space accessible to the protein in this simplified representation. In addition, through the combination of a large sequence of such motions, real dynamic behavior emerges, which is similar to Brownian dynamics simulations performed for simple systems.23 Probably, the definition of the energetic interactions that try to mimic the free energy landscape of the conformational space is the most important feature of the model. In this initial study of simple coiled coils, since the secondary structure is perfectly regular, we are mainly interested in the interactions responsible for the quaternary structure. Therefore, the main contribution to the potential defined for our model is 'that corresponding to the nonlocal (or tertiary) interactions, i.e., interactions between pairs of amino acids not directly connected along the sequence.
These are not, however, the only components of the free energy function. Local interactions defined at the level of virtual bond angles and virtual torsion angles (defined, respectively, by three and four consecutive a-carbons) are also included.22 These are minor contributions that permit control of the rigidity of the chain. Through them, we have introduced a local bias towards helical states, by constraining the virtual bond angle to a value of about 90 ", and the virtual torsional angle close to 60 '. Soft harmonic potentials are used for these contributions. This could be considered as a flaw in the model, since it might appear as an arbitrary contribution without any physical background. However, there are some considerations to be taken into account: First, these terms alone do not induce stable helices in isolated chains. In the simulated trajectories we have obtained, the helical population of isolated chains never amounts to more than about 30 percent. Only when the dimer forms and the coiled coil structure appears,.are the helical conformations perfectly stable. Second, for' the amino acid sequences of the peptides we have considered, any secondary structure prediction algorithm24'25 provides an overwhelming preference towards helical states. Therefore, our biased contributions. in the potential could be partially contemplated as a mean field representation of intrinsic preferences already incorporated in the primary sequence of the peptides under. consideration.
Local interactions also include angular correlations between the orientation of the side chains (in the second, third, and fourth closest neighbors) with respect to the backbone. These interactions only depend on the geometry of the residues, and therefore on their chemical nature. It has been previously demonstrated2' that this contribution to the potential is able to induce the formation of regular elements of secondary structure.
As stated above, the most important contribution to the free energy, and of course the most interesting, is the one corresponding to nonlocal interactions between pairs of residues, when they are separated by at least three residues along the chain backbone. There are several pairwise potential scales between amino acids that try to mimic real interactions between residues in a protein.20*26>27 Most are based on different hydrophobicity scales, or on the statistics of contacts found in crystallographic structures of globular proteins. In principle, any of them could be a candidate to be used in our model for coiled.coils (maybe with some caution, since the ratio of buried to surface residues is rather different in a coiled coil and a globular TABLE I. Contributions to the potential for nonIoca1 interactions defined in the model. They depend on the nature of the pair of residues. A pair of residues is considered to be interacting when the distances between their side chains centers of mass, r, is less than rcUt. To avoid very large energy contributions from small overlaps, for distances r< r,.,,i,, the potential takes the value defined at r,i, . protein). However, at the moment we have chosen a simpler approach, reducing the interactions among 20 different amino acids to only four groups of them. This is inspired by the coiled coil designed sequences of Hodges et al *, 619*10 which are themselves based on sequence analysis of real coiled coil fibrous proteins, mainly tropomyosin.28 It has long been known that hydrophobic residues in the core of the protein are mainly responsible for the stabilization of coiled coils. In addition, charged residues with alternating positive and negative charges stabilize the parallel conformation of the coiled coil against the antiparallel situation. The residues facing the exterior of the protein can have a different nature. Here, nevertheless, it is enough to consider them as hydrophilic residues, which interact favorably with the solvent, and avoid the possible aggregation of several fibers into more complex multimeric structures.. Thus, it would in principle be possible to consider, from the point of view of nonlocal interactions, only four types of residues, namely hydrophobic, hydrophilic, positively charged, and negatively charged. Hydrophobic residues attract other hydrophobic residues, and repel any other residue type. Hydrophilic residues repel hydrophobic ones, but are neutral to" other members of the same type and to charged residues (though a strong short distance repulsion due to excluded volume effects is effective between any pair of residues, independent of their nature). Finally, charged residues attract charged residues with opposite charge, repel charged residues with the same charge, as well as hydrophobic residues, and are neutral towards hydrophilic amino acids. Table I~shows the mathematical definitions we have employed for these attractive and repulsive pair potentials, together with the potential parameters used in our trajectories. We do not claim that the interactions between real amino acids can be correctly reproduced by Lennard-Jones type potentials, in which neither the spherical symmetry, nor the distance dependency, correspond to real interactions. We only try to define a model in which the number of parameters is kept as low as possible, yet it can reproduce some fundamental features in the physical folding.pathways.
Interaction pair Expression
To deline which type of interaction is;associated with each residue in the chain, we have used a criterion .based on the putative position of the amino acid in the final coiled coil structure, and not on the chemical.nature of the residues (which, nevertheless, is used to define the size and geometry of the side chain). Thus, a peptide whose sequence were based on the repetition of the heptad Lys-LeuGlu-Ala-Leu-Glu-Gly, as appears in some of the Hodges' peptides,' would correspond in our model to an interacting sequence of the type Ch+-Pho-Phi-Phi-Pho-Ch--Phi (where Pho represents a hydrophobic residue, Phi a hydrophilic residue, and Ch* a charged residue of positive or negative charge). If we use the standard notation for the seven positions of a double helical turn in a coiled coil (whose cross section is represented in Fig. 1 ) , positions a and d will be occupied by hydrophobic residues, positions e and g are occupied by charged residues of opposite signs, and positions b, c, and f are occupied by hydrophilic residues. It might be thought that the consideration of Glu in position b and Ala in position c as hydrophilic residues is 'too crude even for a simplified model. Actually, it is possible to consider that the role of these two residues in the designed sequence is to favor helical states, since both are well-known helix inducing amino acids. Since our model explicitly accounts for the formation of helical states independently of the amino acid nature, we believe the aforementioned approximation does not introduce unphysical simplifications into the model. Nonlocal interactions defined this way do not distinguish whether the pair of interacting amino acids are included in the same chain or they belong to different chains. This way, the formation of the dimer against the collapse of individual chains can be explored.
When one defines a molecular system in which more than a single molecule (polypeptide chain, in our case) is considered, there must be a way to avoid the situation when chains diffuse away from one another; i.e., the chain concentration must be controlled. This is usually achieved through the introduction of periodic boundary conditions.29 In our model, having only two chains, we have opted for a simpler (and computationally more efficient) way to treat this problem, and consists of the introduction of an additional term in the potential energy function, dependent on the separation between the two chains. When their centers of mass are separated by a distance larger than a certai,n threshold, a strong harmonic constraint appears. This constraint completely vanishes if the distance between centers of mass is below the threshold. This way, a spherical space is defined in which the chains move freely, without-being.forced to be joined together. The size of this spherical cavity is always large enough (depending on the chain dimensions, and ultimately on the length of the amino acid sequences involved) to allow for a considerable freedom of motion of the chains in the unfolded, i.e., not helical and not associated, form. The radius of the cavity has a value of about 40 A for the longer chains used in our simulations. This translates in a concentration of the order of 5 mM, larger than the values used in experimental studies. Still, a cavity of this size represents a huge space for two single chains to move. This makes the simulation somewhat slower, since an important percentage of the computer time is wasted exploring the (now) uninteresting dynamics of individual random coils. We believe this is a better method to study a model of a real.system than to force the chains to be close in space from the very beginning, .with the possible distortions of the folding pathways that could create.
FOLDING PATHWAYS
Following the experiments of Hodges et a1.,9 we have initially considered regular sequences of the type Gly-(Lys-Leu-Glu-Ala-Leu-Glu-Gly) n, with n =2, 3, 4, and 5. Therefore, the total length of the peptides studied is 15, 22, 29, and 36 amino acids, for each of the two chains considered. The Gly residue added at the N-terminus of the original Hodges' peptide allows the model to define the side chain position of the second residue (since, as mentioned previously, three o-carbons are necessary to define the backbone conformation on which the side chains are built).
The starting conformation of the simulation corresponds to two random coils, usually in rather extended conformations, with their centers of mass considerably separated. From that initial situation, the system evolves according to an asymmetric Metropolis scheme. The sequential set of conformations. appearing along the calculation constitute the dynamic trajectory of the system. Some an-nealmg trajectories were computed in order to properly determine the temperature of the unfolding-native conformation transition. All the results presented here correspond to isothermal calculations performed at this transition temperature.
The computed trajectories show a fundamental difference between the folding of short peptides (with 15 or 22 amino acids) and the longer ones (29 and 36 amino acids). The former, due to the reduced length of the chains, show very few intramolecular contacts'( i.e., contacts-within the same peptide -chain). The intrinsic rigidity of the chain backbone, in both the random and helical conformations, vrecludes the possibility of these contacts to frequently occur. On the other hand, when the length .of the chain grows, intramolecular contacts become more frequent: Under these conditions, a competition appears between intramolecular and intermolecular (native or not)-contacts. In these cases, the same conditions that favor greater coiled coil stability (namely, a strong set of hydrophobic interactions) make it more difficult to reach the same structure from the unfolded state. Often, the individual chains separately collapse on themselves, forming dense globules without regular secondary structure. This contrasts with the results of other simplified models for the folding of globular proteins, whose conclusion has been that the driving forces for the collapse of a peptide chain contribute as well to the development of the correct secondary structme.30 Our results do not support this conclusion. In addition, since the collapsed globules present an outer face mainly composed of hydrophilic residues, it is very difficult for the two 'globules (or a globule and an extended chain) to interact with each other by unwrapping the collapsed compact conformations and growing the coiled coil structure. We do not really. know how real chains solve this competition. Probably, the hydrophobic interactions are-not so large in these sequences to stabilize single chain globular conformations, and only by forming dimeric long fibers in-register is the molecule stable. We have been unable to find any experimental data describing the dimensions or conformation of individual chains in the unfolded state of a coiled coil protein. Nevertheless, it is rather plausible that the lack of specificity of our potential energy functions is mainly responsible for the observed collapse.
To reduce this effect, we have introduced a soft coupling between nonlocal interactions and secondary structure. That is, the strength of the nonlocal interactions between any pair of residues is scaled according to the local conformation they present. Only when both amino acids present a helical conformation do the tertiary interactions display their whole value. When none is in a helical conformation, only 20% of the interaction is retained. Between these two limits, a smooth linear scale is defined according to the "helicity" of the two residues involved (deflned through the virtual torsion angles of the backbone around them22 ) . It is important to mention that this scale a&&s any possible nonlocal interaction in the model, independently of the nature and position of the pair of amino acids, including whether they are in the same chain or in different chains. We recognize this approach introduces a second biased term into the potential function towards the desired 4inal structure. Again, it just tries to cover the defects imposed by the simplifications of the model. It does not avoid the appearance of non-native contacts, nor does it preclude intrachain long lived contacts in the longer peptides. On the other hand, it is very similar in spirit to the use of the 0' parameter introduced in some analytical theories developed for the formation of two-stranded, coiled coils.15
Using this new feature for the longer chains (it has no effect in the short chains), the folding pathways follow a series of general steps, independent on the size of the peptide chains. These can be monitored by obtaining snapshots of instantaneous conformations along the trajectories, and by observing the evolution of some characteristic properties for the system. Among them, we have chosen as most representative the helical content of the chains, the global energy of the system, and the distance between the centers of mass of the two chains involved in a given trajectory. For an isothermal trajectory of two chains comprising 36 units each, Fig. 2 shows some representative snapshots with important conformations along the folding pathway. The evolution of the aforementioned properties is shown in Fig. 3 .
At the beginning of the trajectory, the two chains are separated (with a considerable distance between their centers of mass), and therefore they do not interact. We after almost one half of the trajectory has elapsed. What one observes, in addition to a sudden drop in the interchain distance, is an increase in the number of hydrophobic contacts, which is. due to a double effect, clearly reflected in Fig. 3 : the growth of the helical secondary structure in the individual chains, up to a total close to 90%, and the nestling of their Leu side chains when the two chains adopt a parallel arrangement, thereby reducing the energy of the system. MC cycles --_ J?IG. 3. Evolution of the helical content, the reduced total energy, and the distance between centers of mass along a trajectory for two independent chains of 36 residues each.
In a model with such a simplified geometry as ours, this nestling could in principle be obtained as well with an anti-parallel arrangement of both chains. In order to check the reason for the parallel arrangement, we have computed .G some trajectories with a simpler model, in which only hy--drophobic and hydrophilic residues are considered, and charge interactions are ignored. In these cases, as expected, the coiled coil structure is also obtained in our simulations, but both parallel and anti-parallel arrangements appear with equal probability. In real chains, the interaction between the helix dipoles, not present in our model, might tend to favor anti-parallel configurations. Nevertheless, as has been supposed from experimental results,"31 our model contirms that it is the presence of charged residues of opposite sign that produces the parallel disposition of coiled coil structures.
.
.e should also mention that the initial conformations were rather extended, giving a very small number of intrachain contacts. Consequently, the energy of the system is essentially zero. The two individual chains, 1 when separated, show a certain preference toward helical states, that never amounts to more than about 30% of the torsional states. The contiguration essentially corresponds to a random coil. Promptly, as the system evolves, nonlocal contacts begin to appear among hydrophobic residues. When the contacts are intramolecular, they usually form and dissolve quickly, though some of them survive during short periods of the simulation trajectory. These contacts create the fluctuations appearing in the global energy and the helical content. The same happens with intermolecular contacts. Many form and dissolve during-the first stages of the trajectory. These involve all kinds of combinations of the two chains: any unit in one of the chains can approach every unit in the other, creating the fluctuations in the interchain distance: Obviously, the actual folding process commences at one of these intermolecular contacts. Most of the time, as one would expect just by probability considerations, this is a non-native contact, i.e., a contact between two hydrophobic residues (two Leu amino acids) which are not inregister. in the coiled< coil structure. In addition, this contact frequently -corresponds to a crossed configuration of the two peptide chains, without any parallel or anti-parallel arrangement. As a consequence, the system is not stable enough to retain the interacting configuration, and the two chains run apart. If, on the other hand, the parallel arrangement grows, then the contact may represent the beginning of a successful folding pathway. This is what happens, in the particular simulation shown in Figs. 2 and 3 ,
The snapshots in Fig. 2 and the evolution of properties in Fig. 3 clearly indicate that the transition from the unfolded to the folded state is not a two:zep process. On the contrary, the correct fold propagates in a continuous way by increasing the number of hydrophobic contacts and the helical content of the peptide chains simultaneously, until the maximum number of Contacts is reached. This is indicated by -a maximum. in the helical content plot, and a minimum in the total energy. The full process-can be a long one, with a large number of intermediate states (as some theoretical studies had previously postulated's ). This result is not contradictory with the all-or-none folding transitions proposed for globular proteins, in which the transition from the unfolded to the folded state is much more abrupt. However, our results support the idea that the use of this'~two-state model for the interpretation of folding pathways in coiled coils does not seem to be the'best -option.
It is interesting to consider in more detail how the development of the correct folded structure takes place. Since the first contact at which the process-is initiated does not usually correspond to a native one; the chain at this stage is out of register (see the snapshots-in Fig. '2) . The free ends of the chains not involved in nonlocal contacts show random conformations; without any special tendency toward helical states. This confirms our belief that the nonlocal interactions are mainly responsible for the final stabilization of the observed secondary structure. The intrinsic tendency toward helical states of our model (and of real amino acid sequences appearing in coiled coils) is not able on its own to create stable helices. Experiments in aqueous solution have been repeatedly interpreted using this. assumption, whose validity is suggested by the simulation (see, for example, Ref. 5, and references therein), though the experimental verification of very low helical content in individual chains has been never established.
In order to achieve the registration of the two chains, a shift of the interchain contacts has to occur. We have to remember that the hydrophobic contacts result from a. certain interdigitation of the side chains, as happens in globular proteins as well. Therefore, this shift in registration is not straightforward. We observe that it is accomplished by a "scissorslike" motion. That is, the angle formed by the helical portions in contact, initially close to zero (as would correspond to a perfect parallel disppsition), slightly increases while the shift in registration takes place. The procedure continues step after step, opening and closing the angle formed by the two chains until the perfect registration, and the maximum number of favorable tertiary contacts, is achieved. In many occasions, especially for longer peptides, in which the registration shifts can be rather large, if the initial contact is very far from native, the growing angle between the two chains significantly reduces the number of contacts, and then the two chains fall apart, with immediate loss of most of their helical character.
Since no experimental information is available to verify this propagation mechanism, we slightly modified the model in order to check whether this %bserved pathway could be considered as a physical one. In order to do so, we have run some trajectories keeping the interaction definition of the, residues as hydrophobic, hydrophilic, and charged, as in the original sequence, but simplifying the geometry. What we did is to reduce all the amino acid geometries to that of Ala, i.e., a small side chain sphere rigidly attached to the backbone. This suppresses the internal degrees of freedom represented by the set of side chain rotamers. For this model, the shifts in registration are achieved in a much simpler way. Actually, a very small modification of the interaction angle among the two peptides is observed, but the shifts mostly happen through. a continuous sliding of the hydrophobic surfaces one over the other. From our results, it seems that the hydrophobic face created by side chains with Ala geometry is much smoother than th&t created by side chains with Leu geometry. We must remember that, in the framework of our model, both geometries are considered as single spheres. The main difference between them is their size, and the ability. of Leu side chains to acquire diierent conformations (or rotamers) with respect to the backbone, a possibility which does not exist for Ala side chains. Real side chains have a much more complex geometry, and the interdigitation between interacting pairs of hydrophobic residues will be far more complicated than that appearing between otir spherical units.' Therefore, we believe-that'the "scissors" tiovement shown by our model during shifts in registratiorrl is much closer to realiti than any smooth sliding of hydrophobic faces: In addition, this reinforces our belief that a certain'level of accuracy in the representation of the side chains is fundamental to any model which tiims at extracting useful'concltisions about folding pathways.22 (Incidentally, a model in which the sphere representing the side chains is suppressed, resulting in a poly-glycine geometry, in which the tertiary interactions are centered at the a-carbon positions, was not adequate for this study. In order to get the correct separation between the two chains, the interactions, both attractive and repulsive, have to be very long ranged, and compact structures of globular single chains were the outcome of the simulations in most of the cases.)
All together, the observed mechanism of assembly in our trajectories is fully consistent with the unimolecular rate-determining mechanism previously proposed from stopped flow circular dicroism (SFCD) experiments on tropomyosin. 13*14 This mechanism involves two steps: In the first step, very fast, unfolded chains rapidly form a dimeric, partially folded coiled coil; the second step involves the slow conversion to the native coiled coil. A possibie alternative mechanism in which the fast step-*would involve the formation of stable helices, that subsequently associate slowly in a second step to form the native structure, was discarded on the basis of the observed SFCD experimental results. We have never observed in our trajectories this kind of assembly either. The global time scale of the simulations presented in this article-Gainly corresponds to the early stages of folding, and is therefore probably included within the dead time of the experimental SFCD instrument. However, the overall conclusions Vve get from our trajectories are almost identical to the interpretation of the experimental results.
There is a second result in the simulated trajectories which indicates that the side chain representation included in the model captures the main geometric features of real side chhins:It is well known3'4 that actual coiled coils show a left-handed super twisting with a very long pitch (in comparison to that of an a-helix). The structural reason for this super twist is not clear, but it could well be related to the geometry of the side chains involved in the stripe of hydrophobic residues that forms the core of the fibrous protein:
For the chains having the Leu geometry for the a and d residues, most of the folded states we obtain are very mobile, with the. tails of the helices continuously unfolding and refolding, and the angle formed by .the two helical chains changes without showing any clear trend. Nevertheless, if the temperature of the system is slightly reduced once the coiled coil structure has appeared, the mobility drastically drops. And, in this case, a clear super twisting immediately appears. What is more, when the side chain geometry of the real sequence is used, the super twisting always shows the expected left-handed orientation. An example of this situation is shown in Fig. 4 , where the folded conformatidn of one of the trajectories is shown in a top view. The angle of super coiling is a bit ioo large in comparison with real peptides. We have not been able to determine the exact value of the pitch, since the twisted structure is still mobile enough inside a broad basin of lefthanded coiled states to preclude an accurate determination. This is what one should expect of a simple model as ours, both at the level of secondary and -quaternary structures. However; the role of side chain' geometry in the super twisting of coiled coils seems to be captured even in this model. In contrast, when the Ala geometry is used for the side chains,-both left-handed and right-handed super twisting is observed.
The length of the peptide has also a? influence on the peptide stability. The longer the peptide, the larger the stability. This can be measured through the mean life of the coiled coil structure once it forms in a simulation at the folding-unfolding transition temperature, as the one considered in Figs. 2 and 3 . The last steps of this trajectory correspond to the beginning of the unfolding process, in which the chains separate,, the, ,helical content abruptly drops, and the-energy of the system grows. This process is much faster than the folding mechanism, but it proves the reversibility of the transition, and confirms once more that isolated helices are not stable in the absence of long range (quaternary) interactions. As one would expect, when the length of the peptide chain grows, the number of possible hydrophobic contact increases, and the same happens with the stability of helical states.g On the other hatid, the formation of the folded structure usually takes a larger time for the longer peptides. This is not a surprise either, since the folding pathway of coiled coils follows a continuous transition through many intermediate states. This stands in contrast with the all-or-none folding transition one observes in globular proteins.
IV. CROSS-LINKEB CHAINS
Finally, we wanted to check the effect of cross-links on the behavior of our model. Experimental and theoretical studies on peptides ihwhich a Leu residue is substituted by a Cys in every chain have shown that the stability of the resulting coiled coils can be enhanced: both the registration and the parallel disposition of the two chains are automatically preserved.6*'7 In addition, from a practical point of view, the "effective concentration" of peptides is increased. Since the two chains are chemically bonded, all regions of configurational space in which they are separated are not accessible any more. On the other hand, by slightly distorting the coiled coil structure, cross-links can also induce a local stress, which can. somehow distort the foldiilg pathway with respect to the situation in which these links are not present..
In Fig. 5 we show the evolution along a Monte Carlo trajectory of the helical content, the total energy and the distance between centers of mass of the two chains, for peptides of 36 units each, with one cysteine at the middle of every chain. The simulation begins again with two sepa: rated ch&qs in random conformations. With the present sequences; however, due to the special potential detied between Cys residues, once the two chains become close in space the formation of the disu!fide bridge is almost immediate, as reflected by the sudden.drop in the distance between centers of mass. The total energy drops as well, due to the great energy reduction defined in the model for the formation of the disulfide cross link. If the chains are small ( 15 or 22 residues), the development of the coiled coil structure is very fast from that moment on. By growing the secondary and quaternary structure in two directions, if We have-defined a Cvs amino acid by changing the interaction definition of ;he corresponding unit of the model. For us, a Cys residue can only interact with another (Only ofi&) Cys residue, when their side chains are at a distance less than 1O.A. This interaction is defined through a strong harmonic potential, with a minimum at a distance of about 4 J% (which roughly corresponds to the average distance between-side chains centers of mass of two covalently bonded Cys, as found in crystallographic structures). With this definition, we have run simulations under identical conditions to those previously defined. We have considered three cases: a single Cys substitutes one Leu at one end of the peptide chain; the substitution takes place in the middle of the peptide chain; and two Cys substitute two Leu residues at both ends of the chain. Obviously, the primary sequence after the substitution is identical for.both chains in the simulated system. the Cys residues are in the middle of the chain, or only in one direction, when Cys residues occupy one end of the sequence,. very stable folded structures appear in much shorter simulation periods than those required by the peptides without Cys. Such growth was conjectured previously based on loop entropy considerations. l7
In longer chains (29 and 36 residues), some problems appear in certain trajectories once the disulfide bridge is formed. These are caused by a configurational stress created in the chains by the constraint imposed by the disulfide bridge. What we observe is a certain collapse of one of the chains in the vicinity of the disulfide bridge. This collapse usually appears when,. at the formation df the disulfide cross link, the two chains have an antiparallel or crossed configuration. Instead of rotating one of the chains around the common bond to create the parallel arrangement, a fragment in one chain may crumple over the linking position, allowing its tail or tails to grow the coiled coil structure in a parallel disposition to the other chain. Of course, since several residues form pati of this wrongly folded portion of the chain, a correct registration cannot be achieved in this situation. In addition, the presence .of the. disulfide bridge precludes any possibility of correcting the chains registration by means of the "scissors" motions we observed in non-cross-linked chains. Those facts explain the fluctuations in the different properties which appear during the first part of the trajectory after the formation of the crosslink, as shown in Fig. 5 . Nevertheless, all these difficulties are finally overridden, and the folding pathway continues as in the shorter chains we mentioned above. The stability of the cross-linked coiled coil structure is far larger than that of the independent chains, as shown by the small fluctuations present during most of the trajectory, mainly due to tail unfoldings and refoldings, and sometimes to small modifications in the left-handed super twist of the folded structure.
Another different problem related with the folding of covalently linked chains appears when we have disulfide bridges at both ends of the chains (we have studied this case only for the peptides of 29 and 36 residues per chain). The problem is almost equivalent to getting a coiled coil structure from a ring molecule. The algorithm is able to find this structure, which appears to be completely stable once it is formed. However, its formation is difficult as well. It always begins at one of the sulfur bridges. From that point, the propagation is not an easy task. Since the ends of the unfolded portions of the chains are joined together by a second disulfide bridge, it is relatively ditlicult for them to develop the helical secondary structure that creates the most favorable quaternary interactions, or vice versa. This, of course, could be related to & imperfect definition of the Monte Carlo motions included in the model. Anyway, the algorithm is able to find the correct structure. Whether the problems observed with one and two disulfide bridges indicate deficiencies in the algorithm, or are a physical effect that just mimics the negative effects induced by the configurational restrictions created by the disulfide bridges, is at the moment difficult to definitively address. Experiments can be very helpful to clarify this point, although the situation of the mentioned problems among the initial events of the folding process could make this investigation terribly complicated.
V. SUMMARY AND CONCLUSIONS
In this work, we have explored the possible folding pathways of coiled coil peptides by means of a simple model and an off-lattice dynamic Monte Carlo algorithm. The model includes a geometrical representation of the peptide backbone and the side chains based on real amino acids. The potential energy scale defining the nonlocal interactions between pairs of residues, on the other hand, has been completely simplified. It .has bien reduced to the consideration of only hydrophobic, hydrophilic, and charged residues, according to their positions in the sequence.
Beginning from random conformations of separated chains, the algorithm is able to provide coiled coil strtic-' tures, following rather plausible folding pathways. These pathways show a continuous spectrum of intermediate states, in contrast to the all-or-none transition one usually gets in globular proteins, at least of small to medium size. The final structures reprodutie, under appropriate conditions, the left-handed super twist shown by real coiled coils. This seems to be related to the geometry of the hydrophobic side chains that stabilize the dimer structure. The stability of the formed structures is related to the chain length. The longer the sequence, the larger is the stability of the coiled coil.
The introduction of cysteine residues in certain positions of the sequence greatly enhances the stability of the resulting folded conformations. The disulfide bridges avoid the possibility of nonparallel or out-of register conformations. In some occasions, though, initial stages of the folding pathways suffer from certain complications, probably related to the configurational stress imposed by the presence of the covalent bond between both chains. This model represents a first attempt to investigate the folding pathways of a peptide chain dimer with a very simple structure. The results are rather encouraging, and open up the possibility of studying more complicated multimeric assemblies. Of course, many further refinements of the model are necessary. Most importantly, we plan to use a scale for the nonlocal interactions based only on the amino acid nature, and not in its position along the sequence. We have tested the possibility of changing the interactive definition of Glu in position b (Fig. 1) as a charged, instead of hydrophilic, residue (the consideration of Ala in position c as a hydrophilic residue is probably less severe). The 'coiled coil conformation is still the outcome in most of the trajectories, though there are serious problems to obtain it in a reasonable amount of computer time for 36 amino acid chains. It seems that the repulsion between charged groups with the same charge, close in space, produces a bending of the chain. The pitch of the lefthanded super twisting is considerably reduced, and would probably make it very difficult for longer chains to be folded. Therefore, more specific and refined scales for the nonldcal interactions, dependent on the exact nature of the residues and not only on their "class," are required. Work
